Abstract. Glioblastoma (GBM) is a highly malignant brain tumor characterized by invasion tendency. Macrophage infiltration is associated with GBM invasion, but the mechanisms remain unclear. Hypoxia is an outstanding characteristic of GBM tissue. Hypoxia microenvironment modulates the biological behaviors of both tumor cells and infiltrated immune cells, including macrophages. In the present study, we analyzed the effects of hypoxia and macrophages on invasion of GBM cells and its potential mechanisms. We found that both hypoxia and macrophage supernatant promoted GBM cells invasion and matrix metalloproteinase (MMP)-9 expression, and hypoxia modulated the invasive activity of GBM cells by upregulating their CCR5 expression. The supernatant of hypoxic macrophages also showed greater pro-invasion effect than normoxic macrophages through the elevated secretion of CCL4. Moreover, we found that interferon regulatory factor-8 (IRF-8) was possibly involved in hypoxia-modulated CCL4 expression of macrophages. Taken together, the present study found that macrophages promoted GBM invasion by the CCL4-CCR5 axis, and hypoxia enhanced the interaction between these two types of cells by upregulating both CCL4 and CCR5 expression, respectively. The results of the present study suggested that hypoxia would be a potential target for the development of immune therapies of GBM.
Introduction
Glioblastoma (GBM) is the most common primary brain tumor characterized with high malignancy (1) . Despite of the multiple therapies developed during the recent decades, including surgery, chemotherapy and radiation, the median survival of GBM is less than 16 months (2, 3) . One of the reasons for such poor prognosis is the tendency of GBM to invade into surrounding brain parenchyma even at early phase of tumorigenesis (4) . Infiltration of cancer cells into normal brain tissue makes it impossible for complete surgical removal, and increases the risk of resistance to conventional chemotherapy and radiation, finally leads to recurrence (5) . Therefore, how to decrease the invasion activity of cancer cells became an important issue in the development of innovative strategies for GBM treatment.
Malignant cells are under the surveillance of immune cells to resist invasion, which is an important aspect of anticancer immunity. Although normal brain tissue is usually acknowledged as immunologically privileged, the impaired barrier of tumor vasculature of GBM facilitates the infiltration and accumulation of immune cells in the tumor microenvironment (6) . Macrophages are the most abundant immune cells in GBM tissue, up to 30% of total tumor mass (7) . GBM-infiltrated macrophages are composed by two different subgroups with distinct origin but similar phenotypes, including microglia arising from resident CNS macrophages, and tumor-associated macrophages arising form circulating monocytes (8, 9) . These two subgroups are shown to promote GBM progression from multiple aspects, including vasculogenesis, immune suppression and GBM cell invasion (10, 11) . Co-cultivation with primary microglia cells enhanced the expression and activation of matrix metalloproteinases (MMPs) of glioma cells, and also promoted their invasion into collagen matrix (12) (13) (14) . However, the above studies only showed the invasion-promoting effects of microglia cells, and there is little evidence concerning the role of another major macrophage subgroup, the tumor-associated macrophages, in the modulation of GBM invasion process. Moreover, how macrophages adapted such phenotype and function in GBM microenvironment still needs further investigation.
Hypoxia is one of the well-acknowledged characteristics of GBM microenvironment, due to rapid cell proliferation and inadequate vascularization (15) . Hypoxic GBM cells showed increased invasive capacity, resistance to therapies and poor prognosis of patients (16, 17) . Besides tumor cells, hypoxia microenvironment also modulated the functions and biological behavior of immune cells infiltrated in the tumor, including macrophages. Previous studies have found that hypoxiamodulated macrophages promoted the invasive and metastatic behavior of various types of cancer cells, such as gastric and colon cancer (18) (19) (20) . However, the effects of hypoxic tumor-associated macrophages on GBM invasion are largely unknown. Based on the above observations, we speculate that the hypoxia microenvironment in GBM may modulate the functions of tumor-associated macrophages, including their effects on GBM cell invasion. In the present study, we verified the above speculation by showing that hypoxia enhanced CCL4 expression in THP-1-derived macrophages and CCR5 expression in GBM cell line u87, respectively. The enhancement of CCL4-CCR5 axis led to increased MMP-9 expression in u87 cells, and promoted their invasive capacity. Our results suggested that hypoxia plays an important role in the development of a prone-invasion microenvironment in GBM tissue by not only directly affecting the biological behavior of tumor cells, but also modulating the functions of tumor-associated macrophages. Hypoxia in tumor tissue would be a potential target for the treatment of GBM.
Materials and methods
Reagents and antibodies. Phorbol-12-myristate-13-acetate (PMA) was obtained from Sigma-Aldrich (St. Louis, MO, uSA). Monoclonal anti-human CCL4 neutralizing antibody (NAb) were obtained from R&D Systems (Minneapolis, MN, uSA). Fluorescein isothiocyanate (FITC) or phycoerythrin (PE)-labeled monoclonal antibodies for CCR2, CCR3, CCR4, CCR5 and CCR7 were obtained from R&D Systems.
Cell culture and generation of THP-1-derived macrophages.
Human GBM cell line u87 and acute monocytic leukemia cell line THP-1 was obtained from the American Type Culture Collection (ATCC; Manassas, VA, uSA). The cells were cultured in RPMI-1640 medium supplemented with heatincubated 10% fetal bovine serum (FBS), 100 u/ml penicillin and 100 µg/ml streptomycin at 37˚C in normoxic (21% O 2 , 5% CO 2 , 74% N 2 ) or hypoxic (1% O 2 , 5% CO 2 , 95% N 2 ) incubators. In some cases, CCR5 siRNA or scramble control siRNA were transfected into u87 cells before the cultivation in normoxic or hypoxic conditions, and the details are described in the following section.
To generate THP-1-derived macrophages, 2x10 5 THP-1 cells were incubated in normoxic or hypoxic incubators and treated with 100 ng/ml PMA for 48 h, as previously described (21) . Then, the medium was washed and replaced by fresh RPMI-1640 medium with 10% FBS for another 24 h under normoxic or hypoxic conditions to obtain macrophage supernatant.
Cultivation of U87 cells with macrophage supernatant. For the treatment of macrophage supernatant to GBM cells, 2x10 5 u87 cells in 2 ml RPMI-1640 medium with 10% FBS were plated into 6-well plate and incubated for 24 h under normoxic or hypoxic conditions. Then, the medium were replaced by 50% normoxic or hypoxic macrophage supernatant, respectively, and cultured for another 24 h under normoxic or hypoxic conditions. After the cultivation procedure, u87 cells were collected for further invasion assay. In some cases, CCL4 (NAb, 50 µg/ml) was added along with macrophage supernatant.
Cell invasion assay. The invasion assay of u87 cells was performed as previously described (22) with minor modifications. Briefly, 50 µl of diluted 1:4 Matrigel in serum-free RPMI-1640 medium was added to the upper chamber of 24-well Transwell inserts (8-µm pores; both from BD Biosciences, Franklin Lakes, NJ, USA) and incubated at 37˚C overnight for gelling. u87 cells (5x10 4 ), previously treated with/without macrophage supernatant for 24 h, were resuspended in 100 µl serum-free medium and were plated into the upper chamber of Transwell inserts coated with Matrigel. RPMI-1640 medium (600 µl) containing 10% FBS were added to the lower chamber. After incubating under normoxic or hypoxic conditions for 48 h, the noninvaded cells on top of the Transwell were removed with a cotton swab. The invaded cells were fixed by 10% formalin and stained with eosin. Three fields of each well were photographed, and cell numbers were determined.
Real-time quantitative RT-PCR. Total RNA was extracted by TRIzol reagent (Invitrogen, Carlsbad, CA, uSA), and cDNA was synthesized through the reverse transcription. Total RNA (1.0 µg) was transcribed into cDNA with oligo(dT)16 primers and Moloney murine leukemia virus reverse transcriptase according to the manufacturer's instructions (Invitrogen). Quantitative RT-PCR was performed on the LightCycler 2.0 Instrument (Roche Diagnostic, Mannheim, Germany). GAPDH was used as an internal control. Primers for MMP-2, MMP-9, CCL3, CCL4, CCL5, interferon regulatory factor-8 (IRF-8) and GAPDH are listed in Table I . Five microliters of 2X SYBR ® -Green qPCR Master mix (Thermo Fisher Scientific, Waltham, MA, USA), 1 µl of forward primer, 1 µl of reverse primer, 1 µl of cDNA and 2 µl of ddH 2 O was added into the reaction mixture and incubated at 94˚C for 30 sec, 58˚C for 30 sec and 72˚C for 45 sec for 40 cycles. The mRNA level of each sample was measured by the 2 -∆∆Ct method (23) .
Flow cytometry. To analyze the expression of chemokine receptors CCR2, CCR3, CCR4, CCR5 and CCR7, normoxic or hypoxic u87 cells were stained by monoclonal antibodies labeled with FITC or PE. Isotype controls were run in parallel. The analysis was performed by a FACSCalibur flow cytometer, and the mean fluorescence intensity was determined by CellQuest version 3.3 software (BD Biosciences).
RNA interference. Small-interference RNA (siRNA) targeting CCR5 and scramble control siRNA were designed by GenePharma Co., Ltd (Shanghai, China). For transient silencing, 5x10 4 /ml u87 cells were seeded onto 24-well plates and transfected with siRNA (all 80 nmol/l) using Lipofectamine RNAiMAX reagent (Invitrogen) following the manufacturer's protocol.
Enzyme-linked immunosorbent assay (ELISA).
The supernatant of normoxic or hypoxic THP-1-derived macrophages was collected. The concentrations of CCL3, CCL4 and CCL5 in supernatant were determined by ELISA kits (R&D Systems) according to the manufacturer's instructions.
Statistical analysis. Data are primarily presented as the mean ± SD. The SPSS software package (version 13.0; SPSS, Inc., Chicago, IL, uSA) was used for all statistical analysis. The distribution of the samples was determined via Kolmogorov-Smirnov test. The results of experiments were analyzed by t-test or one-way ANOVA wherever appropriate. Tukey post hoc comparison was performed when statistical significance (p<0.05) was found between observations.
Results
Hypoxia and macrophage supernatant promote invasion of U87 cells by upregulating MMP-9 expression. Firstly, we analyzed the effects of hypoxia and macrophage supernatant on invasion of GBM cell line u87 by Matrigel-coated Transwell assay. The results showed that both hypoxia and macrophage supernatant promoted u87 invasion. Moreover, u87 cells gained more invasive capacity when they were pre-treated by hypoxic macrophage supernatant before cultured under hypoxia conditions (Fig. 1A) .
We further investigated whether the modification of U87 cell invasive activity was dependent on MMPs expression, since they are acknowledged for the involvement in cell invasion process. We analyzed the expression of MMP-2 and MMP-9 in u87 cells, which are two of the most studied MMPs and closely associated with cell invasive capacity. Firstly, we explored the effect of hypoxia on MMP-2 and MMP-9 expression at different time point. As shown in Fig. 1B , the expression of MMP-2 in u87 cells remained relatively constant in hypoxic condition, but MMP-9 was significantly upregulated under hypoxia stimulation in a time-related fashion (p=0.0108 at 12 h, p=0.0006 at 24 h). Secondly, we analyzed the expression of MMP-9 under the treatment of macrophage supernatant and found that macrophage supernatant upregulated MMP-9 expression either in normoxic or hypoxic conditions ( Fig. 1C ; p=0.0114 and 0.0118, respectively).
Hypoxia increases CCR5 expression regulated MMP-9 expression and invasion of U87 cells. Chemokine receptors have been shown as important regulators for invasion process of cancer cells (21)
. In order to investigate whether the axis of chemokine-chemokine receptors was involved in hypoxia-modulated invasion of GBM cells, we measured expression of several CC chemokine receptors (CCRs) on normoxic and hypoxic U87 cells. The results of flow cytometry found relatively high expression of CCR4 and CCR5 on u87 cells, while low expression of CCR2 and CCR7 and no CCR3 was found. Both CCR4 and CCR5 expression was significantly increased after hypoxia treatment, but CCR5 showed higher expression than CCR4 in both normoxic and hypoxic u87 cells ( Fig. 2A) . Based on the above observations, we chose CCR5 for further investigation into its possible role in GBM invasion. We knocked down CCR5 expression on u87 cells by siRNA transfection and found that CCR5 downregulation significantly decreased invasion activity of hypoxic u87 cells ( Fig. 2B ; p=0.0237). We also found that CCR5 knockdown decreased MMP-9 transcription in hypoxic u87 cells (p=0.0100), while no significant downregulation was observed under normoxia condition (Fig. 2C) .
Hypoxia increases CCL4 secretion in THP-1-derived macrophage-regulated MMP-9 expression and U87 invasion.
Macrophages are important targets and sources of chemokines. Since the above results found that hypoxic macrophage supernatant promoted u87 cells invasion, and hypoxia upregulated CCR5 expression affected the invasion process, we further investigated whether CCR5-related chemokines, including CCL3, CCL4 and CCL5 in hypoxic macrophage supernatant were involved in this modulation. As showed by our results, the concentrations of CCR5-related chemokines secreted by THP-1-derived macrophages were higher than those secreted by u87 cells (Fig. 3A) , and they exhibited different expression profile under hypoxia stimulation. Only the expression of CCL4 was significantly upregulated (p= 0.0149) in hypoxic THP-1-derived macrophages, while CCL5 was decreased and CCL3 remained relatively unchanged (Fig. 3B) . The results of ELISA were consistent with RT-PCR results ( Fig. 3C; p=0.0385) .
In order to verify whether upregulated CCL4 secreted by hypoxic macrophages promoted u87 invasion process, CCL4 NAb (50 µg/ml) was added into hypoxic macrophage supernatant before its stimulation toward u87 cells. We found that CCL4 NAb in hypoxic macrophage supernatant significantly inhibited both MMP-9 expression and invasion capacity of u87 cells ( Fig. 3D and E; p=0.0086 and 0.0032, respectively).
Hypoxia promotes IRF8 involved in CCL4 expression in THP-1-derived macrophages.
We went on to explore the mechanism by which hypoxia regulated CCL4 expression in THP-1-derived macrophages. Interferon regulatory factors (IRFs) are important transcription factors in the maturation and differentiation of myeloid cells, and are closely associated with the function of macrophages. We first investigated whether hypoxia may regulate expression of IRFs in THP-1-derived macrophages, and surprisingly found that hypoxia greatly increased IRF-8 transcription in macrophages by ~300 times (Fig. 4A) . To verify whether increased IRF-8 was involved in CCL4 expression of THP-1-derived macrophages, we knocked down its transcription by siRNA transfection. As Fig. 4B shows IRF-8 downregulation significantly decreased CCL4 secretion of hypoxic THP-1-derived macrophages (p=0.0053), while had little effects on normoxic CCL4 secretion (p=0.2396).
Discussion
In the present study, we analyzed the effects of macrophage supernatant on invasive capacity of glioblastoma (GBM) cells, and the modulation of hypoxia in this process. We found that THP-1-derived macrophage-secreted CCL4 promoted MMP-9 expression on u87 cells by interacting with CCR5. Hypoxia enhanced CCL4 secretion in THP-1-derived macrophages by upregulating the transcriptional factor IRF8, and also promoted CCR5 expression on GBM u87 cells, therefore promoting the interaction between these two cell lines. The enhanced CCL4-CCR5 axis further increased the invasive activities and MMP-9 transcription of u87 cells. The results of the present study revealed the effects of hypoxia on the interactions and possible mechanisms that occurred between macrophages and GBM cells, and the role of this interaction on GBM invasion. The present study also suggested that hypoxia microenvironment may be a potential target for resisting the invasion in the treatment of GBM. The axis of chemokines and chemokine receptors has been demonstrated as important regulators in the invasion and metastasis process of cancer cells. CCR5, whose ligands include CCL3 (MIP-1α), CCL4 (MIP-1β) and CCL5 (RANTES), was reported to be highly expressed in GBM tissue (24, 25) . A recent study showed that the overexpression of CCR5 was associated with poor prognosis of GBM patients, and activation of CCR5 signaling promoted the invasion of u87 and u251 cell lines in vitro by upregulating MMP-9 expression (24). These observations were consistent with our findings, as we found that CCR5 knockdown in u87 cells reduced their invasive capacity as well as MMP-9 transcription. However, until now there are few clues to explain the formation of such CCR5 overexpressed characteristics occurring in GBM tissue. In the present study, we occasionally found that hypoxia significantly upregulated CCR5 expression in u87 cells. The upregulation of hypoxia on CCR5 expression was also found in breast cancer cells by a series of transcriptional and post-transcriptional modulations (26) . Taken together, these results suggested that hypoxia may be a common regulator for CCR5 expression in tumor microenvironment.
Macrophages are important sources of chemokines. According to our results, THP-1-derived macrophages expressed relatively high concentration of all three CCR5-associated chemokines, including CCL3, CCL4 and CCL5, whereas the expression of these chemokines was low in u87 cells. Hence, we speculated that macrophage-derived chemokines may at least partially explain why macrophage supernatant could promote GBM cell invasion, and why hypoxia supernatant had higher promoting effects. In the present study, we found that CCL4 was the only one that was promoted by hypoxia in all three CCR5-associated chemokines produced by THP-1-derived macrophages, and its expression in supernatant enhanced the invasion and MMP-9 expression of u87 cells. Several chemokine/chemokine receptors have been shown to promote an invasive phenotype in glioma cells. One of the most acknowledged was the stromal cell-derived factor-1α (SDF-1α)-CXCR4 system (27) . The CXCR4 expression in glioma cell lines was upregulated under hypoxia stimulation, and enhanced their migrating or invasive activities in respond to SDF-1α (28) . Our studies found a new axis, the CCL4-CCR5 system, which played key roles in hypoxic GBM cell invasion. As macrophages were one of the major CCL4 sources in GBM tissue, this axis also emerged as important mediator in the interactions between tumorassociated macrophages and GBM cells, and hypoxia may enhance this interaction by promoting both CCL4 and CCR5 expression in the two cell types, respectively.
The mechanism by which hypoxia promoted CCL4 expression in macrophages was also preliminarily explored in the present study. Interferon regulatory factors (IRFs) are an important family of intracellular protein that regulate maturation and polarization of macrophages (29) . Various members of this family, such as IRF-1 and IRF-3, have been shown to induce chemokines expression in macrophages (30) (31) (32) . In the present study, we found for the first time that hypoxia greatly enhanced the transcription of IRF-8 in THP-1-derived macrophages, and IRF-8 was involved in CCL4 expression. Previous studies found that IRF-8 plays a dominant role not only in the differentiation of macrophages from their immature progenitors, but also in their phenotypes and functions. For example, IRF-8 induces a M1-type gene profile upon TLR stimulation, enhancing the expression of a number of pro-inflammatory cytokines, including IFN-β, IL-12p40 and IL-12p35 (33) . Our findings provided more evidence on the modulation of IRF-8 in chemokines secretion of macrophage. These findings will help to refine the roles of IRF-8 in various physiological or pathological processes, such as tumor development, inflammation and tissue repair, since all these processes are characterized with change of oxygen tension and infiltration of immunocytes, particularly macrophages. However, how hypoxia modulated IRF-8 expression in macrophages was not demonstrated in the present study. As the interaction between IRF-8 and chromatin is repressed by small ubiquitin-like modifiers (SUMO), and hypoxia is an important regulator of sumoylation status in variant types of cells (34) (35) (36) , the post-transcriptional modulation of IRF-8 could be an important mechanisms in hypoxic macrophages.
In conclusion, the present study suggested for the first time that macrophage-secreted CCL4 would promote the invasive capacity of GBM cells by interacting with CCR5 receptor, and hypoxia enhanced this interaction by upregulating both CCL4 and CCR5 expression in these two cell types. Our findings will define additional roles of tumor-infiltrated macrophages in GBM development, and contributed to better understanding of how tumor hypoxia microenvironment modifies local immune system in the pathophysiology of GBM.
